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ABSTRACT 
White sturgeon, Acipenser transmontanus, were reared in the presence (gravel) or 
absence (bare) of substrate at either 13.5 or 17.5 °C during the yolk sac phase. Fish reared 
in gravel were transferred to bare tanks at emergence from substrate and reared to 46 
days post hatch (dph). At any given dph or Accumulated Thermal Unit (ATU), the fish 
reared in gravel were significantly larger and survival was higher than those reared 
without substrate at both temperatures (T). Cumulative survival was lower at high T and 
was 20% greater in gravel-reared larvae in both T. Yolk absorption rate did not vary 
between bare and gravel, but was significantly greater at high T. Yolk absorption 
efficiency was greatest in gravel-reared fish, but did not vary with T. Liver histology 
indicated that fish reared in gravel had significantly greater quantity of lipid during the 
yolk sac phase. In a second experiment, yolk sac larvae were reared in the presence 
(gravel or bio-spheres) or absence (bare) of substrate at 13.5 °C and respirometry used to 
measure both routine and maximum metabolic rate for assessing metabolic scope. Larvae 
reared in gravel had significantly greater metabolic scope, and whole body glycogen was 
significantly greater in larvae reared in both substrates at 8 dph; indicating that substrate 
rearing may provide a greater capacity for growth and development at a time of intense 
organogenesis. Histological analysis of the liver showed greater lipid and glycogen in 
larvae reared in substrate. These findings suggest that larvae reared without substrate may 
divert more of their energy to non-growth related processes, such as swimming activity, 
which was observed but not quantified. Thus, larvae reared without substrate may be at a 
significant physiological disadvantage, leaving less energy for growth and development. 
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PROLOGUE 
White sturgeon (Acipenser transmontanus) are endemic to the Pacific coast and 
western inland sections of Canada and the USA. This species is the largest freshwater 
fish in North America (Scott and Crossman 1993). Historic over exploitation, river 
regulation, and other unidentified reasons, have resulted in four of the six populations 
(Kootenay, Nechako, Upper Columbia, and Upper Fraser rivers) in Canada currently 
being listed as endangered under Canada's Species at Risk Act. Recruitment failure has 
been identified as the principal cause of endangerment (Jager et al., 2001; Anders et al., 
2002; McAdam et al., 2005; Irvine et al., 2007). Currently, there is no clear 
understanding of the cause of recruitment failure; however, there is consensus that river 
regulation is a significant contributing factor (McAdam et al. 2005; Paragamian et al. 
2001,2009). 
River regulation, particularly hydroelectric dams, has had an effect on all phases 
of the life history of sturgeon (Cooke et al. 2002; Jager et al. 2002; Parsley et al. 2002). 
This includes: population fragmentation, migration restriction, altered seasonal flow, 
temperature, and change in benthic substrate (McAdam et al. 2005). Several studies 
including McAdam et al. (2005), McAdam (2011), and Paragamian et al. (2001, 2009), 
have suggested that suitable spawning and larval incubation habitat used by sturgeon may 
be negatively impacted by river regulation, limiting survival, leading to recruitment 
failure. 
Poor survival of progeny during the larval period is a proposed bottleneck to 
recruitment for fish (Houde 1987). Successful spawning and survival during early 
1 
development form the basis for fish recruitment, with the events that occur during early 
life history largely determining year-class strength (Ware 1975; Houde 1994); however, it 
is important to note that the factors affecting recruitment are numerous, complex, and 
affect more than just the early life stages (Anderson et al. 1988). Aside from spawning, 
the factor that may have the largest effect on year-class strength is the size of fish at the 
transition between endogenous and exogenous feeding, which is referred to as the critical 
period (Cushing 1972). The major bottleneck to white sturgeon recruitment is during the 
larval period (Gross et al. 2002; Coutant 2004; Paragamain and Beamesderfer 2004); 
understanding the factors that affect growth and survival of larvae is therefore a 
prerequisite for improving survival of this stage, and ultimately year-class strength. 
However, little is known about the early ontogeny of white sturgeon, and particularly 
how they respond to environmental changes. Due to the small size and delicate nature of 
larvae, they are difficult to sample and work with in the field, underscoring the 
importance of laboratory studies to collect data on specific life stages in response to 
specific treatments. 
The links between habitat, river regulation, and recruitment are complex; 
however, a growing body of literature suggests that in many cases river regulation leads 
to poor habitat, which may limit recruitment. In two regulated systems, the Nechako and 
Kootenay Rivers, spawning habitat has become inundated with sand and fine sediments, 
and does not appear to be suitable for sufficient survival of both eggs and newly hatched 
larvae (Paragamain et al. 2001; Paragamain and Wakkinen 2002; McAdam et al. 2005). 
On these systems, as well as on the Upper Columbia River, recruitment failure has 
necessitated the use of hatchery enhancement to supplement the population and facilitate 
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recovery until natural recruitment is restored. On the Kootenay River, survival of 
hatchery-reared fish has been very successful, with hatchery-produced juveniles 
outnumbering wild juveniles 400:1 (Ireland et al. 2002; Paragamain and Beamesderfer 
2004). While hatcheries have been successful at supplementing year classes, it is highly 
likely that sustained recruitment of wild fish can only occur if spawning and rearing 
habitat is improved (Beamesderfer and Farr 1997). This requires a detailed 
understanding of the habitat requirements of the early life stages of white sturgeon in 
order for habitat restoration to be most successful. 
An earlier study by McAdam and Boucher (unpublished) showed that rearing 
white sturgeon larvae in gravel during their endogenous phase resulted in larger fish 
when yolk was absorbed compared to larvae reared in tanks without gravel substrate. 
Determining the effects of substrate rearing on growth and survival of larval sturgeon 
could provide important information for understanding factors that affect recruitment of 
white sturgeon, and may provide valuable information to managers on the habitat 
requirements necessary for effective habitat enhancement. These results could also 
provide important information to hatchery managers on the early rearing requirements of 
white sturgeon. Knowledge of the early rearing requirements for larvae could assist in 
improving hatchery operations, rearing methods, reduce hatchery effects on selection, 
and lead to improved quality of the larvae. 
My research focused on understanding the role of substrate in the early rearing 
(yolk sac phase) of white sturgeon; particularly growth, yolk absorption, and survival. In 
2009, I reared larvae spawned from broodstock collected from the Nechako River 
(Vanderhoof, BC) with and without gravel at 13.5 and 17.5 °C. I assessed weight, length, 
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and survival at regular interval from hatch until 46 days post hatch (dph). Histological 
analysis of the liver was carried out to identify differences in development and quantity 
of lipid vacuoles in the liver. 
In 2010, I focused primarily on physiological and metabolic assessments in 
relation to growth. I reared white sturgeon larvae from hatch with and without gravel and 
in an artificial substrate (1" Bio-Spheres), all at 13.5 °C. I used respirometry to measure 
the routine and maximum metabolic rates of larvae reared with and without gravel to 
calculate metabolic scope. Histology was carried out to quantify liver glycogen and lipid 
levels from hatch until 24 dph. A biochemical assay was also used to measure differences 
in whole-body glycogen in all treatments. These physiological and metabolic tests were 
primarily used to provide insight into growth and survival differences between rearing 
environments. 
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CHAPTER 1 
The effect of temperature and substrate on the growth, development, and survival of 
larval white sturgeon (Acipenser transmontanus) 
ABSTRACT 
White sturgeon yolk sac larvae (YSL) were reared at 13.5 and 17.5 °C with and 
without gravel substrate from hatch until 46 days post hatch (dph). Larvae reared within 
the gravel emerged from the substrate after 11-14 days (depending on temperature), were 
transferred to bare tanks, and were provided with food one day later. Temperature and 
substrate significantly affected size; at 46 dph, those reared in gravel at 17.5 °C were the 
largest (288 ± 19 mg), while those reared at 13.5 °C without gravel were the smallest 
(107 ± 3 mg). Substrate and temperature also significantly affected survival. Greatest 
survival (84.6 ± 0.6%) was achieved when YSL were reared in gravel at 13.5 °C and was 
lowest (46.6 ± 0.6%) when reared without gravel at 17.5 °C. Yolk absorption rate did not 
differ between substrate treatments, but was greater at 17.5 °C than at 13.5 °C. Although 
yolk absorption efficiency was independent of temperature, it was significantly greater in 
gravel-reared larvae. These results show that rearing white sturgeon YSL in gravel had a 
significant positive effect on weight gain and survival at the onset of exogenous feeding, 
which is expected to lead to improved year-class strength and better hatchery production. 
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INTRODUCTION 
Many populations of sturgeon are in decline, facing a serious risk of extirpation as 
a result of low recruitment, and in some cases, recruitment failure (Birstein 1993; 
COSEWIC 2003; Pikitch et al. 2005). The cause of low recruitment, however, is not well 
understood. Understanding the causes of low recruitment (and recruitment failure) for 
white sturgeon are complicated by the lack of a detailed knowledge of the behavior, 
ecology, and habitat requirements of the early life history of this species. A major 
bottleneck for white sturgeon survival has been shown to be mortality prior to juvenile 
metamorphosis (Coutant 2004). For many fish, the larval period is the time of greatest 
mortality, which can be particularly high during the transition between endogenous to 
exogenous feeding. This period is commonly viewed as a critical period in larval 
development, and can significantly affect recruitment (Houde 1987). The size of fish 
when they begin exogenous feeding has also been cited as an important factor affecting 
year-class strength, and ultimately, recruitment (Cushing 1972). Understanding the effect 
of incubation environment on growth and survival of larval sturgeon, therefore, could 
provide important information for understanding factors that affect recruitment of white 
sturgeon. 
Newly hatched sturgeon larvae (for several species) have been described as 
exhibiting a swim-up and drift dispersal behavior (Beer 1981; Brannon et al. 1985; Conte 
et al. 1988; Kempinger 1988; Deng et al. 2002; Zhuang et al. 2002; 2003; Kynard and 
Parker 2005). These studies were conducted in aquaculture settings or were gathered 
from drift net data from highly regulated rivers and may not reflect the behavior of larvae 
in a natural environment. When cover has been provided yolk sac larval (YSL) sturgeon 
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appear to use it. YSL Atlantic sturgeon (A. oxyrinchus) and shortnose sturgeon (A. 
brevirostrum) seek cover shortly after hatch (Kynard and Horgan 2002); when A. 
brevirostrum YSL were prevented from seeking cover they displayed swim-up and drift 
behavior (Richmond and Kynard 1995). Bennett et al. (2007) found that white sturgeon 
YSL showed a preference for gravel substrates, stating that it is likely that larvae 
developing on a substrate unsuitable for them may have lower condition factor (weight to 
length ratio) resulting in a reduced chance of survival in the wild. Gessner et al. (2009) 
not only found that larvae continued to swim until adequate substrate was found, but they 
also showed higher survival when reared in gravel. Gadomski and Parsley (2005) and 
McAdam (2011) showed that gravel substrates provide cover that reduces mortality due 
to predation. McAdam (2011) also found that white sturgeon YSL at 1-6 dph (days post 
hatch) hid in gravel after hatching. 
Gravel substrates have long been known to be integral to the life histories of many 
riverine fish species, particularly for early life stages. Substrates have often been used in 
salmonid hatcheries in the culture of alevins, as this generally produces larger fry than 
rearing methods without substrate (Bams 1969; Fuss and Johnson 1982; 1988; Murray 
and Beacham 1986; Peterson and Martin-Robichaud 1995). While a growing body of 
literature indicates that benthic substrates may play a significant role in the early life 
history of sturgeon, only a few studies have been done to quantify the potential effect of 
gravel rearing on sturgeon recruitment (Gadomski and Parsley 2005; McAdam et al. 
2005; Bennett et al. 2007; Gessner et al. 2009; McAdam 2011). 
Temperature is also an important factor affecting physiological function of 
animals (Chambers and Leggett 1987; Blaxter 1992; Rombough 1996). This is of 
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particular importance for ectotherms, such as most fish, as changes in temperature will 
affect enzyme activity, metabolic rate, growth, development, and even locomotory 
function (Fry 1971; Brett 1995). Little is known about the effects of temperature on the 
early life history of sturgeon, particularly larvae. Wang et al. (1985) found that 
Sacramento River white sturgeon egg incubation was possible between 10-18 °C, with 
greatest survival to hatch was between 14-16 °C. Van Eenennaam et al. (2005) found a 
similar thermal tolerance and optima for green sturgeon (Acipenser medirostris) YSL and 
feeding larvae (FL). A study by Hardy and Litvak (2004) found that survival of Atlantic 
and shortnose sturgeon FL was greater at lower temperatures, but growth increased with 
warmer temperature. As sturgeon generally hatch on a declining hydrograph after spring 
freshet, temperature can be expected to increase dramatically during their first month. 
The effect of temperature on growth and survival, therefore, may strongly influence year-
class strength. 
It is important to understand the effect of rearing environment on larval sturgeon 
development, as this information is vital for effective hatchery practices. Such 
information may also benefit river restoration efforts to enhance natural propagation. Yet, 
the interaction between substrate and temperature on sturgeon YSL during incubation has 
not been examined previously. The objective of this study, therefore, was to determine 
how substrate and temperature influence growth, efficiency of endogenous energy use 
(rate of yolk absorption), and survival of white sturgeon from hatch until 46 dph. 
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METHODS 
White sturgeon larvae and broodstock 
Brood stock from the Nechako River were caught in May 2009. A single female 
was induced to ovulate and eggs were collected, de-adheased (as described by Conte et 
al. 1988), mixed with milt from three males, and incubated at 15 °C in MacDonald jars 
(J30, Aquatic Eco-Systems, Apopka, FL). YSL were received from hatchery staff at 
approximately 1-day post hatch (dph), which corresponded to 8 days post fertilization 
and 120 accumulated thermal units (ATU; the product of days and temperature (°C)). All 
experiments were conducted adjacent to the Freshwater Fisheries Society of British 
Columbia Sturgeon Recovery Facility in Vanderhoof, British Columbia. 
Experimental tanks 
Sturgeon were reared at two temperatures referred to as cool (13.55 ± 0.09 °C) 
and warm (17.46 ± 0.07 °C). These temperatures are representative of those experienced 
by sturgeon at hatch and shortly afterward in the Nechako River at Vanderhoof. Non-
chlorinated municipal water (10.5 - 11.5 °C) was continuously added to each 
recirculation system (680 L) to allow for partial exchange; 6-9% of the water was 
exchanged per hour. Targeted temperatures were maintained in each head tank using 
multiple aquarium coil heaters (Hagen, Fluval Tronic, A-770, Montreal, QC). 
Temperature was routinely monitored and also continuously measured using data loggers 
(Hobo water temperature pro V2, Onset, Bourne, MA). A canister filter (Hagen Fluval 
405) was placed in each header tank to maintain quality of recirculated water. Water 
quality measurements (dissolved oxygen, pH, temperature, ammonia, nitrates/nitrites) 
were monitored daily throughout the experiment. 
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Experimental tanks were 36x25x20cm (LxWxH) Rubbermaid tubs (Roughneck 
2213, Oakville, ON). Water was individually supplied to each experimental tank from a 
head tank and manifold. All experimental tanks were modified with holes cut into the 
sides to allow for water to pass through. These holes were covered with 750 micron Nitex 
screening (Sefar, Heiden, Switzerland) to prevent fish escape but not hinder the removal 
of excess feed and fish waste. Each tank was placed into a larger Rubbermaid tote 
(Roughneck 2547) and water was allowed to overflow into the tote through the holes cut 
in the sides of each tank. Water was pumped from the totes back into the header tank 
using a submersible pump (Little Giant 4E-34NR, Bluffton, IN). Two substrate 
treatments were used: gravel (3 cm depth) and no substrate (bare conditions). The gravel 
substrate and the grain size used were based in part on the findings of a white sturgeon 
YSL substrate preference study by Bennett et al. (2007) and from results of my previous 
work (Boucher and McAdam, unpublished). A mixture of gravel was used ranging from 
pea gravel to 2 cm gravel (11.9 - 21.7 mm in longest axis). My earlier work showed that 
deeper substrates sometimes trapped YSL; therefore, relatively shallow substrate depths 
(~3 cm) were used. Four replicates tanks were used per substrate treatment per 
temperature. 
YSL (-450) were introduced into each tank just after hatch (within 24 hours) and 
monitored until 46 dph. To minimize disturbances, the sides and part of the tanks were 
covered, as sturgeon YSL are photophobic (Conte et al. 1988). All moribund fish were 
removed immediately upon detection and recorded to calculate survival rates among 
treatments. Sturgeon reared in tanks with substrate emerged from the gravel to initiate 
exogenous feeding when the yolk was absorbed (approximately 330 ATU). At this time 
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feeding larvae (FL) were transferred to bare tanks and fed a combination of equal parts 
EWOS zero (EWOS Canada Ltd., Surrey, BC), powdered krill, and Cyclop-eeze (Argent 
Chemical Laboratories, Redmond, WA). All larvae were fed to satiation twice daily. 
Weight and total length 
Weight (mg) and total length (mm) were determined for 8 larvae, carefully 
removed from each tank every four days. All fish were terminally anesthetized in 200 
mg/L tricaine methane sulfonate (MS-222) buffered with 400 mg/L sodium bicarbonate. 
Total length was measured for each fish using digital calipers viewed under a dissecting 
microscope and weight determined to 0.1 mg. All fish were patted dry using paper towel 
prior to being weighed. After length and weight had been measured, fish were preserved 
in 10% phosphate buffered formalin for later histological analysis. 
Effect of temperature on rate of growth (Qio) 
Qio for growth, the factor by which the rate of growth increases for every 10-
degree rise in the temperature, was calculated according to the Van't Hoff equation 
(Van't Hoff 1884, cited in Weltzien et al. 1999). Qio was calculated using specific growth 
rate (SGR) which was calculated as % change / day using the equation 100(lnWt - InWto) 
/1 - to, where Wt is the weight at 46 dph and Wto is the initial weight at hatch. 
Yolk Absorption 
Yolk absorption rate (YAR) and yolk absorption efficiency (YAE) were assessed 
using a protocol similar to Hardy and Litvak (2004). Six fish from each treatment were 
sampled every four days until yolk was completely absorbed. Hardy and Litvak (2004) 
assessed YAR from changes in volume based on the formula of Blaxter and Hempel 
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(1963); instead, I assessed YAR from changes in yolk sac area (YSA) over time (dph) 
from the slope of the regression line. YSA was used in place of volume, as it was a direct 
measurement. Each yolk sac was photographed at lOOx and the area (mm2) was measured 
using ImageJ (Rasband 2010, version 1.43r, Bethesda MD). YAE for each treatment was 
calculated by expressing the change in mean weight of larvae divided by YAR for each 
treatment. YAE was calculated at 8 dph as it was the last sampling period in which yolk 
remained in all larvae sampled from all treatments. 
Histology 
Whole-body histology was performed by Wax-it Histology Services Inc., 
(Vancouver, BC) to examine liver structure and rate of yolk absorption. Fish were 
dehydrated in graded ethanol and embedded in paraffin, sectioned at 4 fim, and stained 
using haematoxylin and eosin (H&E). Four fish were randomly selected for histology at 
8, 12, 16, 24, and 32 dph. Ten sagittal sections were taken from each fish and mounted 
over two slides (per fish). All sections were taken longitudinally about the center of the 
fish, five on either side. Slides were examined with a light microscope (Zeiss Axiostar 
Plus, Oberkochen, Germany) and photos taken at lOOOx magnification using a digital 
camera (Canon PowerShot G5, Lake Success, NY). 
The amount of hepatic lipid was compared between treatments based on percent 
area. Pictures of the liver were taken at lOOOx magnification and the area of lipid 
vacuoles in each picture was expressed as the percent of the total area. Pictures were 
overlain with a grid in ImageJ calibrated with a micrometer, with each grid square set at 
10 fim2. All grid squares containing lipid vacuoles were counted and the area expressed 
as a percentage of total area in each slide. If a grid square was partially filled with lipid, 
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the square was further divided into quarters. Area of hepatic lipid vacuoles was calculated 
from four larvae in each treatment (n = 4). Pictures of the gut were taken at lOOx 
magnification to assess the timing of yolk disappearance in each treatment qualitatively, 
by noting presence or absence of yolk. 
Statistical analysis 
Two-way analysis of variance (ANOVA) was used to test for significant 
differences between substrate and temperature treatments at a specified dph when 
analyzing: weight, length, percent survival, YAR, YAE, and hepatic lipid vacuole area. 
ANOVA was also used to test for significant differences of treatments on the above 
variables, with the exception of ATUs. If significant differences were found, Tukey HSD 
test was used to assess significance between treatment groups at a specified dph and 
ATU. Data were expressed as means ± standard error (SE). Analytical assumptions of 
normality and equal variance were examined graphically using residual plots. Data were 
not collected for weight and length from warm water treatments at 43 dph (872.5 ATU). 
Two-way ANOVA were carried out to identify any synergistic effects (interaction) 
between temperature and substrate for all dependant variables identified above. 
Linear regression was used to determine the rate at which yolk area decreased; the 
yolk absorption rate (YAR). YAR was calculated for all treatments from hatch until 12 
dph, except for those reared at 17.5 °C, which were calculated from hatch until 8 dph. 
Two data points were missing for yolk area analysis due to ruptured yolk sacs. Statistical 
analysis was completed using R statistical software (The R Project for Statistical 
Computing; version 2.8.1, Vienna, Austria). Significance was accepted at p< 0.05. 
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RESULTS 
Emergence from Substrate 
Larvae emerged from gravel between 9-11 dph at 17.5 °C (278 - 313 ATU) and 
between 13-15 dph at 13.5 °C (296 - 323 ATU). Emergence was greatest approximately 
one hour after lights were turned out. YSL in bare tanks were observed to swim near the 
surface until 5 dph at 17.5 °C (208 ATU) and 6 dph at 13.5 °C (201 ATU), before 
becoming more benthic oriented, when they rested on the bottom tightly grouped together 
in a dense cluster. When lights were turned out, YSL that were grouping together began 
to spread out and swim throughout the water column (at 295 ATU in both temperatures). 
Larvae in all tanks actively took feed starting at 12 dph at 17.5 °C (330 ATU) and 16 dph 
at 13.5 °C (336 ATU). 
Weight 
Weight of sturgeon was significantly affected by substrate and temperature; fish 
reared in substrate were larger than fish reared in bare tanks and warm water reared fish 
were larger than colder water reared fish (Figure 1; Table 1). Significant differences in 
weight were first observed at 4 dph, with larvae reared in the bare cold treatment having 
lower weights than those reared in the warm gravel treatment (Figure 2). The difference 
in weight increased with age between fish from bare and gravel treatments; however, no 
significant interaction was found between temperature and rearing condition (presence or 
absence of substrate) (p = 0.079; Appendix 1). The negative effect of absence of substrate 
on weight, however, appeared to be partially offset by temperature as those in the gravel 
cold treatment never differed significantly from those in the bare warm treatment. At 46 
dph, fish reared in warm gravel treatments were largest, followed by bare warm and cold 
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gravel treatments, which did not differ significantly (p = 0.99), with the cold bare 
treatment producing the smallest fish (Table 1; Figures 1 and 2). 
While weight at age differed significantly between the two temperature 
treatments, when adjusted for ATUs there was no difference in weight within the same 
substrate treatment when compared by thermal experience as assessed for a given ATU 
(Figure 3) (p = 0.48 between bare treatments, p = 0.65 between gravel treatments). 
Differences between gravel and bare treatments were seen from 4 dph onward, within 
each temperature treatment. 
Length 
Temperature and substrate also significantly affected length (p  <  0.001). The 
largest fish were from the warm gravel treatment (Figure 4). At 46 dph, fish reared in the 
warm gravel treatment were the largest, followed by bare warm, which was not found to 
differ from fish reared in the cold gravel treatment (p = 0.53), with the cold bare 
treatment producing the smallest fish (Table 1). As with weight, the interaction between 
temperature and substrate was not significant (p - 0.314; Appendix 1). Significant 
differences in length among treatment groups were first observed at 4 dph, with YSL 
reared in the warm gravel treatment significantly larger than other treatments; only the 
cold treatments (bare and gravel) were not significantly different from one another (p = 
0.21). Consistent with my weight findings, there was no difference (p > 0.05) in length 
within the same substrate treatment at a given ATU (Figure 5). 
Qiofor growth 
Specific growth rates (Table 1) for weight were 22.2% ± 1.9% lower in the 13.5 
°C treatments than the 17.5 °C treatment groups. Qio for larvae reared in bare was 2.08 ± 
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0.17 and Qio for larvae reared in gravel was 1.74 ± 0.12. Qio calculated for weight 
specific growth rate was not significantly different between treatments with and without 
gravel (p = 0.16); mean Qio was found to be 1.91 ± 0.12 from hatch to 46 dph. 
Survival 
Daily mortality was low in all treatments until approximately 330 ATU 
(corresponding to first feeding) (Figure 6). Those reared at 17.5 °C showed a sharp 
increase in mortality at first feeding and emergence than those reared at 13.5 °C. While 
mortality was greater after emergence and first feeding in all groups, there was no 
discernable spike in mortality in the 13.5 °C treatments. Most mortality (61.8 - 64.5% of 
total mortality) in warm treatments occurred between 11-18 dph. While temperature 
greatly affected daily mortality, YSL reared within substrate generally had lower daily 
mortality (Figure 6). Consequently, cumulative survival (Figure 7) varied significantly 
with temperature and substrate treatments. At 46 dph, survival was greatest (84.56%) 
when reared in gravel in cold water (13.5 °C) and lowest (46.56%) when reared in the 
warm (17.5 °C) bare tanks. At 46 dph, survival was not significantly different between 
warm gravel tanks and cold bare tanks (66.06% and 66.89%, p = 0.96). No synergistic 
effect was found between temperature and substrate conditions at 46 dph (p = 0.45, 
Appendix 1). Unlike the growth data (Figure 3 and 5), however, the survival curves do 
not overlap when plotted by ATU (Figure 8). 
Yolk Absorption 
Representative photographs of histological sections of the liver and gut from 
white sturgeon at 12 dph stained with hematoxylin and eosin are shown in Figure 9. Yolk 
was absorbed at an earlier date for larvae reared at 17.5 °C compared to 13.5 °C. Yolk 
17 
had completely disappeared in larvae from gravel and bare treatments at 17.5 °C by 12 
dph (Figure 10). Yolk was absent from the gut by 16 dph in the 13.5 °C treatments; 
however, the specific date is uncertain due to the sampling interval of 4 days. The timing 
of yolk depletion was closely related to the date of emergence from substrate and 
consequently the date fish first showed interest in taking exogenous feed. Linear 
regression of the decrease in yolk area over time indicated that YAR varied significantly 
with temperature (p < 0.001), but not substrate {p = 0.695) (Table 2). At 8 dph, Tukey's 
post hoc comparison of YAR revealed no difference between substrate treatments at the 
same temperature: bare and gravel cold, p = 0.211; bare and gravel warm, p = 0.949; all 
other comparisons p < 0.001. In contrast, YAE varied significantly with substrate (p < 
0.001), but not temperature (p = 0.134; Appendix 1). As early as 8 dph, YAE was 
significantly greater in larvae reared in gravel but did not vary with temperature; in 
addition, Tukey's post hoc comparison of YAE revealed no difference between 
temperature treatments for the same substrate: gravel warm and cold, p = 0.174; bare 
warm and cold,/? = 0.999; all other comparisonsp < 0.001. 
Liver histology 
Figure 11 shows longitudinal sections of livers from sturgeon reared at 17.5 °C 
sampled at different time points during incubation. Lipid vacuoles decreased in size as 
the fish developed, but consistently appeared larger for fish from the gravel substrate 
treatment; this pattern was similar for the sturgeon reared at 13.5 °C (images not shown). 
A quantitative analysis revealed that lipid vacuoles comprised a significantly greater 
percentage of liver area from YSL white sturgeon reared in gravel compared to bare 
treatments (Figure 12 and 13). There was a greater accumulation of lipid in the liver and 
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it occurred earlier for fish reared in gravel treatments. Percent lipid area did not differ 
significantly between temperature treatments within substrate groups, except at 16 dph 
(gravel warm comparison to bare warm) (Figure 12). Some of the difference within 
substrate treatments appears to be associated with temperature related rate of 
development, as the percent area of lipid vacuoles was similar when plotted as a function 
of ATU (Figure 13). At 32 dph, the percent area of lipid vacuoles was still greater in 
those that were reared in gravel as YSL, and did not differ significantly with temperature 
(p = 0.81). 
Figure 1. Representative white sturgeon at 46 dph from all treatments. (A) Gravel 
17.5°C, (B) Bare 17.5°C, (C) Gravel 13.5°C, (D) Bare 13.5°C 
Table 1. Mean wet-weight (mg), Length (mm), specific growth rate (SGR) (%*day~') ± 
SE of white sturgeon at 46 dph from all temperature and substrate treatments. N=4 tanks, 
8 fish from each 
Substrate Temperature (°C) Weight (mg) Length (mm) SGR (%• d"1) 
Gravel 17.5 287.7 ± 19.1 38.00 ± 1.01 5.44 ±0.31 
Bare 17.5 179.0 ±8.8 32.48 ±0.58 4.42 ±0.21 
Gravel 13.5 174.7 ±3.4 31.28 ±0.29 4.37 ± 0.08 
Bare 13.5 107.2 ±2.7 27.04 ± 0.24 3.31 ±0.11 
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Figure 2. Mean wet weight (mg) of white sturgeon from hatch to 46 dph, reared with and 
without gravel during the first -300 ATU, at two different temperature regimes: 13.5 °C 
(cold) and 17.5 °C (warm) N = 4 replicates, 8 fish per replicate. Error bars represent 
standard error. Significant differences between bare and gravel treatments (within each 
temperature) were detected at all ages from 4-46 dph 
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Figure 3. Mean wet weight (mg) of white sturgeon from hatch to 46 dph, reared with and 
without gravel during the first -300 ATU, at given ATU, at two different temperature 
regimes: 13.5 °C (cold) and 17.5 °C (warm). N = 4 replicates, 8 fish per replicate. Error 
bars represent standard error. Significant differences between bare and gravel treatments 
(within each temperature) were detected at all ages from 4-46 dph 
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Figure 4. Mean total length (mm) of white sturgeon from hatch to 46 dph, reared with 
and without gravel during the first -300 ATU, at two different temperature regimes: 13.5 
°C (cold) and 17.5 °C (warm). N - 4 replicates, 8 fish per replicate. Error bars represent 
standard error. Significant differences between bare and gravel treatments (within each 
temperature) were detected at all ages from 4-46 dph 
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Figure 5. Mean total length (mm) of white sturgeon from hatch to 46 dph, reared with 
and without gravel during the first ~300 ATU, at given ATU, at two different temperature 
regimes: 13.5 °C (cold) and 17.5 °C (warm). N = 4 replicates, 8 fish per replicate. Error 
bars represent standard error. Significant differences between bare and gravel treatments 
(within each temperature) were detected at all ages from 4-46 dph 
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Figure 6. Mean daily mortality (number dead per day) of white sturgeon by ATU from 
hatch to 46 dph reared with and without gravel during the first -300 ATU at two different 
temperature regimes: 13.5 °C (cold) and 17.5 °C (warm) 
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Figure 7. Mean percent survival of white sturgeon from hatch to 46 dph, reared with and 
without gravel during the first -300 ATU, at two different temperature regimes: 13.5 °C 
(cold) and 17.5 °C (warm). N = 4 replicates. Error bars represent standard error. 
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Figure 8. Mean percent survival of white sturgeon from hatch to 46 dph, reared with and 
without gravel during the first -300 ATU, at given ATU, at two different temperature 
regimes: 13.5 °C (cold) and 17.5 °C (warm). N = 4 replicates. Error bars represent 
standard error. 
24 
Figure 9. Longitudinal histological sections of the gut (xlOO) of white sturgeon at 12 
dph from all treatments stained with hematoxylin and eosin: (a) gravel at 13.5 °C, (b) 
gravel at 17.5 °C, (c) bare at 13.5 °C, (d) bare at 17.5 °C. L - liver, I - intestine, GS -
gastric stomach, Y - yolk. 
Table 2. YAR (mm'2,d"') and YAE (mg*d* mm"2) of white sturgeon reared in gravel and 
without gravel at 13.5 °C and 17.5 °C from 1-8 dph (n = 4), mean ± S.E. 
Substrate Temperature (°C) YAR (mm"2'd"') YAE (mg*d*mm2) 
Gravel 17.5°C 0.8630 ±0.0191 26.70 ± 0.40 
Gravel 13.5°C 0.5349 ± 0.0280 24.45 ±0.71 
Bare 17.5°C 0.8636 ± 0.0323 18.73 ±0.73 
Bare 13.5°C 0.5493 ±0.0315 18.58 ±0.90 
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Figure 10. Yolk sac area (mm2) over time (dph) of white sturgeon reared in gravel and 
without gravel at 13.5 °C and 17.5 °C from hatch to 12 dph. Warm treatments: Y = 8.19-
0.86(x), where x = dph, R2 = 0.95 p < 0.001, Cold treatments: Y = 8.22-0.54(x), where x 
= dph, R2 = 0.88 p < 0.001. Error bars represent standard error. 
Figure 11. Representative longitudinal histological sections of white sturgeon liver 
samples stained with hematoxylin and eosin (xlOOO) for fish reared in warm water. 
Larval sturgeon were reared in gravel at 17.5 °C and sampled at (A) 8 dph, transferred to 
bare tanks at 11 dph and then sampled at (B) 12 dph, (C) 16 dph, (D) 24 dph, and (E) 32 
dph. Sturgeon were reared in bare tanks (no gravel) at 17.5 °C sampled at (F) 8 dph, (G) 
12 dph, (H) 16 dph, (I) 24 dph, (J) 32 dph. Lipid vacuoles are the large clear structures 
that show no staining. Each section pictured (A - J) 150 nm across 
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Figure 12. Percent area of lipid in the liver by days post hatch from longitudinal 
histological sections of white sturgeon. N = 4. Error bars represent standard error 
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Figure 13. Percent area of lipid in the liver by ATU from longitudinal histological 
sections of white sturgeon. N = 20. Error bars represent standard error. 
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DISCUSSION 
Provision of gravel as substrate for rearing larval white sturgeon from hatch until 
the onset of exogenous feeding was beneficial. My findings indicated that the presence of 
substrate during incubation led to greater growth and survival. White sturgeon reared in 
gravel during the yolk sac phase grew significantly larger (length and weight) than those 
reared in bare tanks. Despite a rather short rearing period in gravel (11-14 days, 
depending on temperature), differences in weight persisted and increased from 4 dph 
until the end of the experiment (46 dph). Gravel rearing of salmonid alevins has long 
been known to produce larger fry at "swim-up" than conventional culturing practices 
where no substrate is used (Marr 1966; Bams 1967; 1982; Hansen and M0ller 1985; 
Peterson and Martin-Robichaud 1995); however, while one other study (McAdam and 
Boucher, unpublished) has shown that substrate rearing leads to larger white sturgeon 
larvae, this is the first study that shows a significant benefit in terms of survival. 
The benefits of rearing in gravel substrate have generally been attributed to an 
observed reduction in locomotory activity (swimming and moving) compared to larval 
fish reared in the absence of substrate (Marr 1966; Bams 1967; 1982; Hansen and Moller 
1985; Peterson and Martin-Robichaud 1995). Activity, however, was not quantified in 
these studies. I too noticed greater swimming activity of larval sturgeon in bare tanks 
compared to tanks with substrate; however, I did not quantify activity level. Similarly, 
Gessner et al. (2009) observed increased swimming activity of Atlantic sturgeon YSL 
when reared in bare conditions compared to those reared in gravel. Differences in 
locomotor activity may explain the difference in size of the fish between substrate 
treatments, as significant trade-offs between growth and activity can occur during the 
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endogenous feeding period (Brett and Groves 1979; Rombough 2006). Yolk reserves are 
finite and limited; therefore, increased movement during this period would increase 
energy use, likely leading to a greater proportion of the yolk being used to fuel 
locomotion, compared to fish reared in gravel. As yolk is the only source of energy, 
increased catabolism of yolk for activity associated with movement results in smaller fish 
(Marr 1966; Bams 1967; Brett and Groves 1979). 
While difference in locomotor activity is a likely cause of the difference in size of 
the fish between substrate treatments, it is not the only possible explanation. Elevated 
Cortisol has been shown to significantly influence the growth of fish (Barton et al. 1987; 
Carey and McCormick 1998). Bates (2011) found that the bare treatment using the same 
sturgeon in this study had higher Cortisol than fish in gravel, which may offer an 
additional explanation as to the differences in length and weight between substrate 
treatments. Similarly, Zubair et al. (2012) found that upon the onset of exogenous 
feeding, basal Cortisol level were greater in larval lake sturgeon reared without gravel 
than those reared with gravel. 
In addition to substrate, temperature played a significant role in growth. 
Temperature is a controlling factor, governing the rates of reactions in the body, the 
metabolic requirements for food, and the rate of food processing (Brett 1979), in relation 
to thermal biochemical and enzymatic reaction rate. A reduction in temperature of 4 °C 
reduced specific growth rates by 20-25%, as predicted by the Van't Hoff equation (Van't 
Hoff, 1884, cited in Weltzien et al., 1999). Qi0 is often used to compare reactions rates at 
different temperatures. For my study, Qio for growth of larval sturgeon was 1.91 ± 0.12 
(s.e, n = 8). and did not differ for fish reared in gravel compared to bare treatments. As 
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Qio was approximately 2, it indicates that the temperature affected biochemical reactions 
at a predictable rate. It should be noted that this type of extrapolation of a Qio calculated 
at a whole organism level (growth) is difficult to make without a biochemical rate to 
support it; therefore, it may only be used as an indicator of temperature sensitivity of 
larval white sturgeon and cannot give any definitive information about biochemical rates 
(Chaui-Berlinck et al. 2004). 
As there was no difference in weight within each substrate treatment for fish at 
the same ATU, it is likely that ATUs can be used to predict the growth of larvae 
(depending on rearing environment). ATUs also accurately predicted the time required to 
absorb yolk, emerge from gravel, and initiate first feeding for salmonids and is frequently 
used by hatchery staff to determine a variety of life stages and associated events such as 
"ponding" (Peterson and Martin-Robichaud 1995, Pennell and McLean 1996). ATU have 
also been shown to be a strong predictor of developmental stage of the larvae of several 
species of marine teleosts (Peppin 1991). 
Yolk absorption rate was strongly related to temperature, with yolk becoming 
depleted faster at warmer temperatures; a finding consistent with reports for other species 
of sturgeon (Wang et al. 1987; Gershanovich and Taufik 1992, Hardy and Litvak 2004) 
and several marine teleost larvae (Peppin 1991). In contrast, yolk absorption efficiency 
was not affected by temperature, but varied significantly with substrate. While Wang et 
al. (1987) did not look at the effect of substrate, they saw that within the thermal 
tolerance range for white sturgeon larvae, there was no effect of temperature on YAE. 
YAE decreases toward both the upper and lower limits of the tolerated range (Wang et al. 
1987; Heming and Buddington 1988). The thermal tolerance range for white sturgeon is 
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published to be 11-20 °C, with an optimum temperature range of 14-16 °C (Wang et al. 
1985; 1987). Therefore, as the temperatures used in this study were just outside of the 
upper and lower limits of the published optimal thermal range, it suggests that little 
difference in YAE would be expected. The lack of a difference in YAE with temperature 
in this study may have been because there were only two temperature treatments with 
only 4 °C difference between them. 
Peterson and Martin-Robichaud (1995) found that Atlantic salmon alevins reared 
without gravel showed reduced yolk conversion efficiencies as a result of increased 
swimming and movement. Likewise, my results also show lower yolk conversion 
efficiency of larvae reared in bare tanks (over both temperatures). This difference in 
conversion efficiency became apparent at the end of the endogenous-phase, as larvae 
reared in gravel grew much larger than those reared without substrate, despite absorbing 
yolk at the same rate for a given temperature. The rates of absorption and absorption 
efficiency of yolk are important determinants of development, growth, and survival in 
larval fish (Heming and Buddington 1988). The efficiency of yolk conversion to somatic 
tissue is dependent on metabolic costs of maintenance and activity (Heming and 
Buddington 1988); therefore, as YAE was lower at both temperatures in bare reared 
larvae, the smaller size of bare reared fish could be attributed to greater metabolic costs 
associated with maintenance and/or activity. 
Yolk protein serves two main functions, amino acids for tissue growth and energy 
for catabolic processes (Heming and Buddington 1988). Difference in absorption 
efficiency between substrate treatments, therefore, suggests there was greater catabolism 
of yolk reserves in larvae reared without gravel. As significant trade-offs often exist 
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between growth and activity in larval fish, the increase in catabolism most likely was 
required for locomotory activity (Brett and Groves 1979; Callow 1985). Consequently 
less yolk was available for growth, resulting in reduced conversion efficiency of yolk to 
body tissue, leading to smaller fish at the time of yolk depletion. As YAR did not differ 
between substrate treatments, it suggests that white sturgeon larvae grow at a maximal 
rate, and that growth is determined by allocation of energy reserves. The greater 
efficiency with which yolk was transformed to body tissue as a result of gravel rearing is 
ecologically significant in that larger larvae may be expected to be stronger, better 
swimmers, less susceptible to damage, and less liable to predation (Heming and 
Buddington 1988). 
As one of the most important metabolic organs in the body, changes in hepatic 
energy stores and structural differences in the liver between treatments clearly reflect 
differences in both the metabolic and nutritional status of yolk sac larvae (O'Connell and 
Paloma 1981; Diaz et al. 1998; Hoehne-Reitan and Kjorsvik 2004). The decrease in lipid 
storage in the liver of yolk sac larvae reared in the bare tanks may also reflect a 
difference in yolk catabolism between substrate treatments. Lipid catabolism is a 
significant source of metabolic energy for many yolk-feeding fish, especially for those 
from eggs with high lipid content, such as sturgeon (Gershanovich 1989; Finn and Fyhn 
1995; Kamler 2008). A reduction in liver lipid quantity, therefore, suggests a difference 
in the overall physiology and nutritional status of the juvenile sturgeon and likely 
contributes to reduced growth potential of larvae reared in bare conditions. 
The period of transition from endogenous to exogenous nutrition was a time of 
significant change, not only in nutrition, but coincided with emergence from gravel, a 
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decrease in rate of growth, and large variations in daily mortality. Significant changes in 
behavior were also observed at this time in fish reared in both bare and gravel tanks, with 
larvae emerging from gravel and larvae reared without gravel moving from a "clumping" 
behavior, as described by Conte et al. (1988), to free swimming and actively feeding. The 
transition period associated with the onset of exogenous feeding has been referred to as 
the 'critical period' in development (Hjort 1914, cited in Chambers and Trippel 1997; 
Cushing 1972; May 1974; Houde 1987). Significant mortality of larval fish, including 
sturgeon, occurs at this time influencing year-class strength (Cushing 1972; Dettlaff et al. 
1993; Gessner et al. 2009). 
Substrate and temperature had a significant effect on survival of larvae. Survival 
was greatest (84.6%) when larvae were reared in gravel at 13.5 °C and poorest (46.6%) 
when reared in bare conditions at 17.5 °C. While temperature has been shown to have a 
strong relationship with cumulative mortality in salmonids (Murray 1980) and marine 
teleosts (Peppin 1991), the relationship between mortality and rearing substrate rearing is 
poorly understood. Gessner et al. (2009) found that the use of gravel rearing substrate 
resulted in significantly greater survival of Atlantic sturgeon larvae compared to bare and 
sandy conditions. Interestingly the period of highest mortality (Figure 6, 7, and 8) was 
delayed in the 13.5 °C treatments (even when plotted against ATU). While both 
temperature and substrate additively affected survival, temperature was found to be the 
dominant factor affecting survival. The dominant effect of temperature could be seen as 
mortality at first feeding was significantly higher at warmer temperature in both bare and 
gravel treatments (Figure 6) and the 13.5 °C gravel treatment had 20% greater survival 
than in the 17.5 °C gravel tanks. Survival was high among all treatments, until the onset 
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of exogenous feeding (Figures 6 and 8); this has been shown for white sturgeon (Conte et 
al. 1988) as well as other species of sturgeon, including lake sturgeon (Nilo et al. 1997), 
Siberian sturgeon (Gisbert and Williot 1997), green sturgeon (Gisbert et al. 2001), 
Adriatic sturgeon (Boglione et al. 1999) and Atlantic sturgeon (Dettlaff et al. 1993; 
Gessner et al. 2009). While onset of exogenous feeding may play a role in mortality, the 
large difference in mortality (and cumulative survival) (Figures 6, 7, and 8) between 
temperature and substrate treatments suggest that additional factors, apart from onset of 
exogenous feeding, may play a significant role in determining mortality. 
Decreased survival at a warmer temperature could be due to the higher metabolic 
cost associated with elevated temperature. This would be particularly problematic if 
metabolic scope was limited. Metabolic scope is defined as the difference between 
resting and maximal metabolic rate (Fry 1947) and represents the potential for energy 
allocation to functions other than metabolism such as locomotion and growth (among 
other traits) (Priede 1985; Killen et al. 2007). If metabolic scope is limited in the early 
ontogeny of white sturgeon, as it is for many larval fish species, the increase in metabolic 
costs due to rapid growth (with an increase in temperature) could be greater than the 
scope allows and result in increased mortality (Priede 1985; Killen et al. 2007). An 
increase in swimming activity combined with the increased cost of rapid growth at higher 
temperatures may explain the low survival for fish in bare tanks at 17.5 °C. Bailey and 
Houde (1989) reported that limited metabolic scope is likely the basis for the high 
mortality rates in larval marine fish in response to environmental fluctuations. The 
greater mortality at 17.5 °C may have resulted in part due to insufficient oxygen to meet 
respiratory demands. As cutaneously respiring larvae grow, the respiratory surface area to 
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volume ratio decreases. In warmer water, the decrease in efficiency of gas exchange for 
larger larvae, in combination with lower dissolved oxygen content, higher metabolic rate, 
and the observed increase in swimming activity (for larvae without substrate) may have 
resulted in greater mortality due to respiratory demands being greater than available 
oxygen supply. 
The role of substrate in reducing cumulative mortality may be due to differences 
in YAE. Larvae that are not able to use yolk reserves for growth and development 
throughout the endogenous feeding stage will likely die, particularly as the period 
between complete yolk absorption and first feeding is critical in many species and 
requires precise timing (May 1974). Therefore, given the increased metabolic demands of 
higher temperatures, combined with lower efficiency of yolk absorption from rearing 
without gravel, it is not surprising that larvae reared in bare conditions at 17.5 °C had the 
lowest survival of all treatments. 
My results are from a laboratory experiment and may not accurately represent all 
the complex factors that control growth and survival of larval sturgeon in natural systems, 
but provide a general understanding of the role gravel rearing may play in the wild. 
Gravel rearing would likely increase the chance of survival of naturally spawned fish for 
several reasons. The opportunity for larval sturgeon to rear within gravel substrate would 
provide protection against predators in part due to having cover to hide amongst and 
attaining a larger size at emergence. Larger larvae, produced by gravel rearing, would 
likely be stronger swimmers, more resistant to starvation, and less susceptible to 
predation, depending on size of predators (Blaxter and Hempel 1963; Hunter 1972; Ware 
1975; Anderson 1988). Gravel rearing may also put larvae in close proximity with an 
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abundance of small benthic invertebrates at the onset of exogenous feeding. The fact that 
the white sturgeon YSL have been shown to rear in gravel substrate, have a greater size at 
onset of exogenous feeding, and increased survival, indicates the importance of suitable 
rearing substrate and may provide a greater understanding of what the rearing 
requirements are during the larval life history of white sturgeon in order to improve 
rearing conditions not only in rivers, but also in hatcheries. 
Mortality of white sturgeon at first feeding is significant, and can exceed 50% in 
the hatchery (Jim Powell, Pers. Comm. February 21, 2011). Similarly, Vardy et al. (2011) 
reported mortality of 43% during the transition from endogenous to exogenous feeding. 
This research suggests that it is likely that the culture conditions within the hatchery are 
not ideal; this high mortality in the hatchery may lead to hatchery selection, which is 
undesirable in a conservation aquaculture framework. It is likely that including a 
substrate-rearing component into hatchery practices could increase growth and reduce 
losses during first feeding, which would likely reduce hatchery selection. Additionally, 
artificial substrate such as bio-spheres could make a suitable production alternative to 
gravel as they offer a similar physical environment, except with much greater surface 
area; this was studied in Chapter 2. While not quantified, the increased swimming 
activity observed during the endogenous-phase in bare tanks is likely the cause of lower 
length and weight associated with rearing in bare conditions. The observed differences in 
locomotor activity were supported by lower yolk absorption efficiencies and liver lipid 
quantities in fish rearing in bare tanks during the yolk sac phase. If reduced activity 
improves growth, it is possible that even a small addition of substrate may offer a 
significant benefit. To understand the effect of substrate on activity and growth potential, 
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however, quantifying activity is necessary and should be the focus of future research in 
this area. Gravel reared larvae at 13.5 °C had a much lower mortality spike associated 
with the onset of exogenous feeding than those at 17.5 °C; therefore, keeping 
temperatures lower until fish are onto feed could reduce mortality significantly. If slower 
development rates are acceptable the best management practice, therefore, would be to 
rear white sturgeon YSL at cooler temperatures with substrate. 
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CHAPTER 2 
The effect of substrate rearing on the growth, metabolic scope, and physiology of larval 
white sturgeon {Acipenser transmontanus) 
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ABSTRACT 
The effect of substrate on growth and metabolic rate was assessed in larval white 
sturgeon (Aciperser transmontanus). Yolk sac larvae (YSL) were reared in bare tanks or 
tanks with gravel as substrate from hatch until 24 days post hatch (dph). The effect of an 
artificial substrate was also evaluated for growth alone. Substrate had a significant effect 
on weight, with larva reared in gravel and artificial substrate being larger than those 
reared without substrate. Metabolic rate and metabolic scope, the difference between 
resting (routine) and maximum metabolic rate, were assessed in larvae reared with and 
without gravel using respirometry. Routine metabolic rates in fish reared without gravel 
were significantly greater than those reared with gravel during the endogenous period. 
Daily absolute aerobic scope was significantly lower for YSL and feeding larvae (FL) in 
bare tanks than those reared with gravel, particularly before fish started feeding 
exogenously. Routine factorial scope, maximum metabolic rate divided by routine 
metabolic rate, indicated that aerobic scope during the early ontogeny of white sturgeon 
is extremely limited (< 1.7). These findings suggest that YSL reared without substrate 
may divert more of their energy to non-growth related processes, such as exercise, as 
higher activity levels were observed but not quantified in YSL sturgeon reared without 
substrate. These results underscore the importance of adequate rearing substrate, and may 
provide support for habitat restoration and alternative hatchery rearing methods. 
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INTRODUCTION 
White sturgeon (Aciperser transmontanus) have been listed as endangered under 
the Species-at-Risk Act of Canada. Of the six white sturgeon populations identified in 
Canada, three populations (Nechako, Upper Columbia, and Kootenay rivers) are in 
recruitment failure and are significantly threatened by extirpation. The cause of 
recruitment failure is unclear, but may be due to changes in habitat following dam 
construction for hydroelectric projects and regulation of river flow (Coutant 2004; 
Parsley and Beckman 1994; Auer 1996; Paragamian et al. 2001; McAdam et al. 2005; 
McAdam 2011). The seasonal increase in water temperature and discharge during the 
spring are important cues for spawning in white sturgeon and changes associated with 
hydroelectric projects have been speculated to limit spawning, yet spawning has been 
documented (Ireland et al. 2002). Despite observed spawning events, few larval white 
sturgeon have been collected, and juveniles are completely absent from these systems; 
demographics show a gradually aging population (COSEWIC 2003). The management 
approach has been to supplement wild stocks through hatchery production and release of 
juvenile sturgeon. The success of hatchery supplementation on the Nechako, Columbia, 
and Kootenay Rivers indicates that the bottleneck to recruitment may be associated with 
poor survival of wild spawned fish prior to 10 months post hatch (the age at which most 
hatchery sturgeon are released). The effect of incubation environment on growth and 
survival of larval sturgeon is a particularly critical stage of development as mortality 
prior to juvenile metamorphosis is a major bottleneck for white sturgeon survival 
(Coutant 2004). Factors affecting larval development, therefore, need to be determined to 
understand limits to recruitment. During larval development, the transition between 
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endogenous and exogenous nutrition is considered a particularly critical period. The size 
of fish at the onset of exogenous feeding is speculated to be a critical factor affecting 
survival and year-class strength (Cushing 1972). While habitat requirements of larval 
sturgeon are unclear, there is increasing evidence that gravel substrate is important during 
early developmental stages. Bennett et al. (2007) found that larval white sturgeon showed 
a preference for gravel substrates soon after hatching. Other studies have also shown that 
in both lab and riverine conditions, sturgeon larvae rear in gravel (Gessner et al. 2009; 
McAdam 2011) and perform better in terms of growth and survival when provided with 
gravel substrate (Chapter 1). The mechanism for the greater performance of fish reared 
with substrate is not known, but such knowledge would benefit hatchery rearing practices 
and may also be useful for projects creating or restoring habitat in rivers altered by 
hydroelectric installations. 
Energy during larval development is limited by yolk supply, which must be 
partitioned among growth, development and activity (Callow 1985; Rombough 2006). 
Metabolic trade-offs experienced by larval fish may arise when energy reserves necessary 
for growth and development are used for activity associated with movement (Brett and 
Groves 1979; Callow 1985). In larval salmonids, the presence of rearing substrate has 
been shown to improve growth due to a reduction in locomotory activity of alevins in 
gravel compared to alevins reared without substrate (Marr 1966; Bams 1967, 1982; 
Hansen and Mailer 1985; Peterson and Martin-Robichaud 1995). The trade-offs in energy 
partitioning between growth and activity results in less energy allocated to growth in 
alevins reared without gravel (Brett and Groves 1979; Rombough 2006). While this 
reasoning is generally accepted, little has been done to quantify any metabolic differences 
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between fish reared with and without substrate. Aerobic scope represents the potential for 
energy allocation to aerobic functions such as locomotion, growth, and predator 
avoidance (among other functions). Aerobic scope is defined as the difference between 
maximal metabolic rate (MMR) and routine metabolic rate (RMR). The larvae of many 
fish species show an extremely limited aerobic scope, which may leave little room for 
maintenance, or any aerobic function, during times of environmental or nutritional stress 
(Post and Lee 1996; Killen et al. 2007). Understanding how RMR, MMR, and aerobic 
scope changes over ontogeny and in response to rearing conditions, therefore, could 
provide important clues to the physiological basis for the observed difference in growth 
between sturgeon reared with and without substrate (Chapter 1). 
The effect of environment on metabolic scope is poorly understood and data is 
limited; however, it has been suggested that habitat selection by fish may be driven 
mainly on the basis of maximizing of metabolic scope (Evans 1990; Neill and Bryan 
1991). If so, then the gravel substrate preference of white sturgeon YSL identified by 
Bennett et al. (2007) may indicate that gravel rearing offers a way to maximize metabolic 
scope. This line of reasoning is further supported by Claireaux and Lefranfois (2007) 
who suggest that an environment that provides increased growth may indicate increased 
metabolic scope. My objective was to examine the effect of substrate on growth and 
oxygen consumption in white sturgeon YSL and FL to test whether significantly greater 
weight of larvae reared in gravel is related to greater metabolic scope. Understanding the 
role substrate plays in the physiology of white sturgeon may provide important 
information about the habitat requirements during early ontogeny of white sturgeon. 
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METHODS 
Animals 
Fertilized eggs from a single family of white sturgeon spawned at the Kootenay 
Trout Hatchery (Ft. Steele, BC) were shipped to the University of British Columbia at 
four days post neurulation. Eggs were reared in a temperature-controlled recirculation 
system at 13.5-14 °C (Aqualogic, Inc. Nemax 4x and Delta Star Heat Pump) until hatch. 
Following hatch, YSL were transferred to tubs (36x25x20cm (LxWxH) Rubbermaid, 
Roughneck 2213, Oakville, ON) containing gravel river-rock substrate (approximately 
2.5 cm in diameter), artificial substrate (1" Bio-Spheres, Aquatic Eco-Systems, Apopka, 
FL), or tanks without substrate. 450 YSL were added per tank and there were two 
replicates per treatment. Water from the temperature controlled recirculation system was 
supplied to each tub which was placed onto a large fiberglass wet-table; water was 
allowed to overflow onto the wet-table through holes cut in the side of the tanks, covered 
with 750 micron Nitex screening (Sefar, Heiden, Switzerland). YSL reared within the 
interstitial spaces of gravel and artificial substrate until they emerged at 14-16 days post 
hatch (dph). Upon emergence from the substrate, larvae were transferred to bare tanks 
and fed twice daily ad libitum a mixture of ground freeze-dried krill, Cyclop-eeze 
(Argent Chemical Laboratories, Redmond, WA), and BioDiet Starter (Bio-Oregon, 
Vancouver, BC). Water quality was maintained by daily 20% water replacement, 
mechanical/biological filtration and UV filtration. Water changes were more frequent 
during hatch to remove excess waste products from the system. Water quality was 
monitored daily and Ammo Lock (API, Applied Pharmaceuticals) added to remove any 
excess ammonia. Weight was measured to the nearest 0.1 mg by sampling 8 fish per 
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treatment every four days; all fish were terminally anesthetized in 200 mg/L tricaine 
methane sulfonate buffered with 400 mg/L sodium bicarbonate. 
Respirometers 
Two 16 mL vertical micro glass chambers (CHI0550, Loligo Systems, Tjele, 
Denmark) were fitted with mini fiber optic O2 spots (OX11050, Loligo Systems), which 
do not consume oxygen. Oxygen concentration and temperature were measured with a 
single channel transmitter (Fibox3, PreSens, Regensburg, Germany) equipped with 
automatic temperature compensation. Data was recorded every two seconds (Fibsoft 
v.1.0., Loligo Systems). To measure oxygen consumption in both chambers using a 
single channel system, electrode cables were switched at the Fibox3 every five minutes. 
The temperature bath and lid were covered with black plastic to reduce the amount of 
ambient light in the chambers, which could reduce the effectiveness of the fiber optic O2 
spots. Oxygen consumption was determined by intermittent flow respirometry. 
Stir bars (8x3 mm) placed under a fine wire-mesh platform in each chamber 
were adjusted to provide adequate mixing within each chamber but not cause movement 
of the larvae. Water temperature in the respirometers were maintained the same as the 
rearing temperature (13.5-14 °C). Each chamber was filled with water for an hour before 
any fish were added to ensure that the O2 spots were completely wet before 
measurements. A peristaltic pump (Labconco, Multistatic, Kansas City, MO) using 
Tygon® tubing (Saint-Gobain Performance Plastics, Tygon® tubing, R-3603, AAC00006, 
Paris, France) supplied the chambers with fully oxygen-saturated water from the aerated 
temperature bath. Prior to measuring oxygen consumption, the tubing leading into and 
out of each chamber was tightly clamped and the pump shut off allowing the system to 
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operate as a closed respirometer. Oxygen consumption rate was measured until the 
oxygen saturation reached 70% saturation, at which time the clamps were removed from 
the tubing and the pump was engaged to exchange the water within the chamber with 
100% saturated water. Four fish were placed in each chamber to achieve an approximate 
1:10 ratio of water volume to animal mass. Due to time constraints and having only two 
respirometry chambers, oxygen consumption rate was only measured for the bare and 
gravel treatment groups. 
Metabolic rate determination 
Four fish were placed into a beaker partially submerged in the temperature bath. 
Fine mesh was placed over the beaker to avoid escape and a stir bar (under a mesh 
screen) was used to generate a current to force the fish to swim. Water current in the 
beaker was adjusted to a speed sufficient to maintain constant vigorous swimming, until 
exhaustion. Exhaustion was defined by the inability of the fish to swim against the 
current and a tendency to rest on the bottom of the beaker. Once exhausted, the fish were 
placed into the respirometer chamber and oxygen consumption measured immediately. 
This method estimates maximal metabolic rate (MMR), which is equivalent to the 
aerobic capacity of the larvae (Brett and Groves 1979), determined by post-exercise 
excess oxygen consumption, and is similar to that described by Lee et al. (2003) and 
Killen et al. (2007). For exogenously feeding larvae (> 16 dph), fish were fasted for 16 
hours prior to the start of oxygen consumption measurements. 
Larval sturgeon, even when stationary, tend to exhibit spontaneous activity, 
consequently measurements of basal metabolism are closer to routine metabolic rate 
(RMR) (Fry 1957). Oxygen consumption rate was measured after each MMR 
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determination until it reached a minimum level (approximately 1.5 h) and then RMR was 
measured three times using the protocol outlined above. After RMR measurements were 
made, chambers were used as blanks to assess microbial oxygen consumption. In all 
experiments, total microbial oxygen consumption was negligible (less than 1%). After 
each assay was complete, fish were terminally anaesthetized and wet weight measured. 
Each larva was blotted dry with paper towel and weighed individually using an analytical 
balance to the nearest 0.0001 g. No reliable MMR data could be collected prior to 6 dph 
as larvae would not swim actively against a current. 
Oxygen consumption rates (|ig O2 h"1) were calculated from the decrease in 
oxygen in the chamber based on the chamber volume and divided by the total mass of 
larvae within the chamber or by the number of fish in the chamber. To be assured that 
RMR measurements were calculated while the fish were not swimming and at or close to 
rest, oxygen consumption was plotted over time and RMR determined based on the 
minimum slope. Conversely, MMR was calculated for the maximum slope of oxygen 
consumption over time. Relative aerobic scope (RAS) was determined by subtracting 
mean RMR from the MMR of each group of fish and divided by the total number of fish 
in the chamber to get a per larvae metabolic scope (Fry, 1971; Post and Lee 1996). RFS 
(Relative Factorial Scope) was determined by the ratio of MMR to RMR (Post and Lee 
1996). 
Determination of glycogen content 
Glycogen content was evaluated using two approaches; quantitatively from whole 
body homogenates and qualitatively using Periodic acid-Schiff (PAS) stained 
longitudinal sections. For whole body glycogen measurements, fish were collected from 
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all three treatments (bare, gravel, artificial substrate) every eight days; eight fish were 
sampled per treatment, euthanized, and frozen at -80 °C. Individual weight of frozen larva 
was recorded and then each fish was placed into a 2 mL Eppendorf tube. Samples were 
homogenized in 400 |iL of ice-cold 8% nitric acid using a SPEX CertiPrep 2000 
Geno/grinder (Metuchen, NJ, USA) at lOOOx for 2 minutes (in 30 s bursts). Homogenate 
(300 fiL) was then ultrasonically disrupted (Fisher Scientific, Ultrasonic Dismembrator 
150T, Waltham, MA, USA) at 30% maximum amplitude for 30 seconds in five-second 
bursts. Following homogenization, samples were centrifuged at 2000 g, for 5 minutes at 4 
°C. Supernatant (50 nL) was transferred to a new tube and saved for free glucose analysis 
and neutralized with 3M K2CO3. Pellets were re-suspended in the remaining 250 nL of 
8% nitric acid by vortexing and then partially neutralized (pH 6) with 3M K2CO3. 
Acetate buffer (500 (xL) was added to each tube. Glycogen was converted to glucose by 
adding amyloglucosidase (from Aspergillus niger) (Sigma, Oakville, ON) with a final 
activity of 10 U/mL in each tube. Each tube was then incubated at 37 °C for two hours in 
a heating block with regular gentle vortexing. To stop the enzymatic reaction, 20 nL of 
70% nitric acid was slowly added and then thoroughly vortexed. The samples were put 
on ice for 10 minutes, and then neutralized with 60 nL of K2CO3. The samples were then 
centrifuged at 10,000 g for 10 minutes at 4 °C and glucose concentration measured in the 
resulting supernatant. 
Sample supematants or appropriate standards (20 nL) and glucose assay buffer 
(100 fiL) were added to each well (96 well microplate). Glucose assay buffer contained 
0.016 mmol NaH2P04, l.lxlO"3 mmol MgC^, 1.5X10"4 mmol pNADP, 1.6xl0"3 mmol 
ATP, and 1.54 U/mL glucose 6-phospate dehydrogenase (from Leuconostoc 
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menenteroides) (Sigma). Plates were incubated at 37 °C with shaking for five minutes 
and initial absorbance read at 340 nm (VERSAmax, Molecular Devices, Sunnyvale, CA). 
After the initial read, Hexokinase (2.25 U/mL from Saccharomyces cerevisiae) (Sigma) 
was added and plates incubated for 20 minutes and then read at 340 nm to measure total 
conversion of glycogen to glucose. Protein content of the homogenate was measured 
using the Micro BCA™ Protein Assay Kit (Pierce, Rockford, IL). Concentration of 
glycogen and glucose was standardized by protein content (mmol/mg protein) and mass 
(mmol/g body weight). 
Histology 
Qualitative comparison of liver glycogen was investigated using histology. 
Whole-body histology of larvae was performed by Wax-it Histology Services Inc., 
(Vancouver, BC) to examine liver structure and rate of yolk utilization. Larvae were 
dehydrated in graded ethanol and embedded in paraffin, sectioned at 4 fim, and stained 
using Periodic acid-Schiff (PAS) stain. Larvae at 8 and 16 dph (n = 4) were selected for 
histology; these days were selected to look at liver glycogen prior and just post yolk 
absorption. Ten sagittal sections were taken from each larva and mounted over two slides 
(per fish). All sections were taken longitudinally about the center of the fish, five on 
either side. Slides were examined with a light microscope (Zeiss Axiostar Plus, 
Oberkochen, Germany) and photos taken at 400x magnification using a digital camera 
(Canon PowerShot G5, Lake Success, NY). 
Data analysis 
Mean wet weight (g) was plotted for each treatment and compared by ANOVA 
and Tukey comparisons. Two-way ANOVA was used to determine if there was a 
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difference in RMR, MMR, and RAS between treatments over time (dph). Linear 
regressions were used to determine if metabolic rate (MMR and RMR), RAS and RFS 
varied with weight (g) within each treatment. Scaling exponents (b) were calculated as 
the slope of the exponential relationship between metabolic rate (pag O2 hr"1 larva'1) and 
mass (g), using a regression on log transformed data; slopes were listed ± standard error. 
Scaling exponents were listed for both RMR Ow) and MMR (bmmr). Scaling exponents 
for RMR and MMR were each compared between treatments using a two-sample t-test; if 
no difference was found, an overall scaling relationship with mass was pooled for both 
treatments. ANOVA was used to determine if there was a difference in glycogen 
concentration between treatments. Analytical assumptions of normality and equal 
variance were assessed graphically with residual plots. Data analyses were performed 
using R statistical software (2.8.1, The R Foundation for Statistical Computing, Vienna, 
Austria). Statistical significance was accepted atp = 0.05. 
RESULTS 
Weight 
Substrate had a significant effect on larval size (F2,i59= 33.94; p < 0.001). Larvae 
reared in gravel substrate were significantly larger than larvae reared in bare tanks from 4 
dph until the end of the study (Figure 14). Fish reared with artificial substrate were 
significantly larger than those reared in bare tanks from 8 dph until the end of the study, 
but smaller than those reared in gravel substrate until 8 dph, with no differences 
afterwards (Figure 14). 
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Metabolic Rate 
A 2-way ANOVA indicated a significant effect of substrate (Fi,53 - 20.69, p < 
0.001) and dph (Fio,53 = 75.33, p < 0.001) on mass-specific RMR, but the interaction term 
was significant (Fio,53 = 10.67, p < 0.001). Mass-specific RMR was greater in the bare 
treatment group; both treatments showed an increased from 3 to 10 dph and then showed 
a decrease until 20 dph (Figure 15a). 
RMR increased with weight in both treatments from 3-16 dph with no significant 
increase from 16-24 dph (Figure 15b). Scaling exponents from 3-16 dph for both 
treatments were not significantly different. Mean estimates of b„nr for gravel-reared 
larvae from 3-16 dph (0.024 - 0.034 g) were 1.34 ± 0.23 (R2 = 0.61, n=22) and 1.54 ± 
0.38 (R2 = 0.44, n=21) for larvae reared in bare tanks (0.0260 - 0.033 g) (Appendix 2). 
As the relationship of RMR with wet weight did not differ significantly between gravel 
and bare treatments, the combined overall allometric relationship gave a scaling exponent 
of 1.34 ± 0.21 (R2 = 0.49, n = 43). 
A 2-way ANOVA indicated that substrate (Fj ,5o = 229.90, p < 0.001) and dph 
(F]o,50 = 71.47, p < 0.001) had a significant effect of mass-specific MMR, the interaction 
term was also found to be significant (Fio,53 = 11.41 ,p<0 .001). When examined on a per 
day basis, gravel reared larvae showed significantly greater mass-specific MMR (p < 
0.001) than larvae reared in bare tanks (Figure 16a). 
Maximal metabolic rate increased with the wet weight of larvae in gravel-reared 
fish from 6-24 dph (p < 0.005), but did not increase significantly in larvae reared without 
gravel over the same time period (p = 0.07; Figure 16b). Mean estimates of bmmr for 
gravel-reared larvae from 6-24 dph were 1.07 ± 0.34 (0.028 - 0.035 g) and 0.60 ± 0.30 
for larvae reared in bare tanks (0.026 - 0.033 g; Appendix 2). When MMR was examined 
50 
during the endogenous-phase, there was a significant effect of weight on MMR in both 
gravel and bare treatment groups. During the section of the endogenous-phase that was 
assessed (6-16 dph), bmmr for gravel-reared larvae was 2.17 ± 0.54 (0.028 - 0.034 g) and 
0.74 ± 0.22 (0.026 - 0.033 g) for larvae reared in bare tanks. In exogenously feeding 
larvae, there was a significant effect of weight on MMR for fish reared in gravel (p 
<0.001) but not for fish reared without gravel (p = 0.13). 
Metabolic Scope 
Relative aerobic scope was significantly affected by both date (F = 20.54; p < 
0.001) and substrate (F = 391.93; p < 0.001), however, there was an interaction effect (F 
= 2.88; p = 0.01). Mass-specific RAS of gravel-reared larvae was significantly greater 
than that of larvae reared in bare tanks at all time points measured (Figure 17a). RAS 
increased significantly with fish weight (Figure 17b). The relationship between RAS and 
fish size from tanks without substrate was described by the equation RASbare = -1.70 + 
78.55 x weight. Larval sturgeon ranged in size from 0.026 to 0.033 g. The linear 
regression was significant (Fo,32) = 8.79,/? < 0.01, R2 = 0.19). The relationship between 
RAS and fish size from tanks with substrate was described by the equation RASgrave) = -
5.33 + 218.35 x weight. Fish ranged in size from 0.028 to 0.035 g and the linear 
regression was highly significant (Fo^) = 42.98,p < 0.001, R2 = 0.56). Relative Factorial 
Scope also increased significantly with wet weight (Figure 17c). There was little overlap 
of scope between substrate treatments as weights were significantly different between 
larvae reared in gravel and bare tanks. Looking at the overall relationship of RFS with 
wet weight in both gravel and bare treatments, RF'S increased by 55% from 6-24 dph, as 
wet weight increased 8 mg. While substrate did significantly explain the increase in 
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scope, wet weight explained significantly more of the variation in the data. The 
relationship between RFS and fish size from tanks without substrate was described by the 
equation RFSbare= 0.623 + 18.839 x weight for larvae ranging in size from 0.026 to 0.033 
g (F(i,32) - 3.63, p = 0.07, R2 = 0.07). The relationship between RFS and fish size for 
larval fish from tanks with substrate was described by the equation RFSgravci = -0.612 + 
64.835 x weight for fish ranging in size from 0.028 to 0.035 g, F(i,32)= 24.73, p < 0.001, 
R2 = 0.42). 
Glycogen 
There was a significant effect of substrate type (F(3>75) = 17.62 and p < 0.001), 
date (F(2,75) = 4.75, p = 0.003), and a significant interaction effect (F(6,75) = 5.36, p < 
0.001) on whole body glycogen content. Glycogen was significantly greater in larvae 
reared in substrate (both gravel and artificial) at 8 dph than fish sampled at 1 dph (Figure 
18a). Larvae reared in bare tanks at 8 dph had slightly, but not significantly, lower 
glycogen than fish sampled at 4 dph. By 16 dph, concomitant with emergence from 
substrate and the onset of exogenous feeding, glycogen concentration of substrate reared 
fish decreased to a level that did not differ from larvae reared in bare tanks, and remained 
unchanged at 24 dph. There was no relationship between wet weight and glycogen 
concentration (Figure 18b). Representative examples of longitudinal liver sections are 
shown in Figure 19. Glycogen granules were more numerous in gravel-reared larvae 
compared to the bare treatment group at 8 dph. Consistent with the decrease in whole 
body glycogen measurements for larvae sampled at 16 dph, fewer glycogen granules 
were visible in the livers. Although at 16 dph the whole body glycogen content did not 
differ among the substrate treatments, the liver histology indicated that there was more 
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glycogen in the liver of gravel-reared fish than those reared without substrate. Larvae 
reared in artificial substrate were not sectioned. 
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Figure 19. Longitudinal cross-sectional histology of larval white sturgeon reared with 
and without gravel at 8 and 16 dph, stained with Periodic acid-Schiff. G - glycogen 
granules (pink staining), L - lipid vacuole. 
DISCUSSION 
Substrate-rearing of YSL resulted in larger fish during post-hatch and after emergence 
from substrate compared to those reared without substrates. Respirometry revealed that 
fish reared in gravel during the yolk sac phase had significantly greater aerobic scope 
both during and after emergence from substrate. These fish not only had greater whole 
body glycogen but also greater liver lipid quantity, which suggests that fish reared 
without substrate are at a significant physiological disadvantage to those reared with 
substrate. 
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Weight 
My work has identified that providing larval white sturgeon with substrate prior to 
emergence was important for growth. Weight was significantly different among substrate 
treatments, with gravel and artificial substrate producing larger fish than those reared 
without substrate. Substrate rearing of salmonid alevins has long been shown to produce 
larger fry than those reared without substrates; this has largely been attributed to greater 
swimming activity of alevins reared without substrates (Marr 1966; Bams 1967; 1982; 
Fuss and Johnson 1982; 1988; Hansen and Moller 1985; Murray and Beacham 1986; 
Peterson and Martin-Robichaud 1995). Similar to the results of Chapter 1, the bare-reared 
larvae were observed to swim more than the larvae reared in gravel and artificial 
substrates. While not quantified, the increased movement I observed is likely the cause of 
lower weight in the bare treatments. Rombough (2006) discussed substrate rearing effects 
on growth in terms of compensatory partitioning, stating that growth may be suppressed 
in actively swimming larvae (reared without substrate) to free up the energy required for 
muscular activity. As yolk reserves are fixed, energy used for activity would leave less 
available for growth, resulting in smaller fish when they begin to feed exogenously (Marr 
1966; Bams 1967; Brett and Groves 1979). An in-depth discussion of the effect of 
substrate rearing on weight is given in chapter 1 of this thesis. 
Metabolic Rate 
A mechanism for the better growth performance of larval sturgeon reared with 
substrates compared to bare tanks is the difference in metabolic capacity and aerobic 
scope among the treatment groups. Relatively little work has been done on larval 
sturgeon metabolism, but significant organogenesis and morphometric development takes 
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place in sturgeon after hatch (Beer 1981 from Conte et al. 1988; Deng et al. 2002). This 
period of rapid development and organogenesis during the endogenous-phase is typically 
characterized by rapid growth, the transition from cutaneous to branchial respiration, and 
a steep increase in RMR with mass (Rombough 1988; Rombough and Ure 1991; Kamler 
1976, 1998, 2007; Gisbert et al. 2001). The steep increase in mass-specific RMR shown 
in this study (Figure 15b) from 3-10 dph likely reflects a period of significant 
physiological and metabolic changes similar to that described by Oikawa et al. (1991). 
This rapid rate of development and growth may explain exponents for the relationships 
between RMR and mass being greater than unity in larval species during this 
energetically demanding period of development (Killen et al. 2007). Interestingly, most 
of the published allometric mass-scaling exponents of larval sturgeon during the 
endogenous phase were also greater than 1. Gisbert et al. (2001) found that bmu for green 
sturgeon during the endogenous feeding phase was 1.64 ±0.21. Khakimullin (1985; cited 
in Rombough 1988) published a value of 1.31 for Siberian sturgeon, similar to the 
exponent found in my study for white sturgeon larvae (bm,r = 1.34 ± 0.21). Additionally 
Gisbert et al. (2001) found that just prior to onset of exogenous feeding, RMR and weight 
began to plateau. This was consistent with my work on white sturgeon, although I also 
showed that the pattern of changes in RMR was independent of substrate in the rearing 
treatments. While the RMR scaling exponent was high compared to most published 
values for larvae, it was close to other published values for the larvae of species that 
exhibit rapid growth during their endogenous-phase, including sturgeon (Khakimullin 
1985, cited in Rombough 1988; Post and Lee 1996; Gisbert et al. 2001; Kamler 2007; 
Killen et al. 2007). 
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Mass-scaling exponents for MMR (bmmr) during the endogenous phase in gravel-
reared larvae were greater than those for RMR (brmr). The opposite was found in larvae 
from bare tanks as bmmr values were lower than bn,,,-. The lower than expected scaling 
exponent for bare reared larvae may have resulted because MMR was not measured at 3 
to 5 dph, as these larvae would not swim against a current, and therefore could not be 
exercised to exhaustion. Given the high daily growth rate of larval sturgeon, the 
difference in weight was significant. 
Unlike RMR, there was no plateau in MMR as larvae neared the end of their yolk 
reserves. MMR continued to increase significantly in gravel-reared larvae from 6-24 dph, 
but only slightly in bare-reared larvae. The difference in MMR between bare and gravel-
reared larvae may have resulted from differences in available energy, patterns of activity, 
and body size (skin surface area is the primary site for gas exchange during larval 
development; Fu 2009). Consequently, any catabolism of yolk to fuel activity during the 
endogenous-phase would leave less energy available not only for growth, but any 
additional swimming required. 
Biochemical analysis of whole body glycogen showed that larvae reared in gravel 
and artificial substrate had significantly more glycogen available at 8 dph. The 
histological assessment of liver glycogen indicated more granules present in fish at 8 dph, 
but also at 16 dph, which indicates that larvae had more available glycogen during a time 
of rapid growth and organogenesis. Lower hepatic lipid stores in bare reared larvae 
indicated less available substrate for catabolism to fuel the burst and sustained swimming 
activity required for the MMR trials. This finding was consistent with my results from 
Chapter 1, which showed significantly more lipid in the liver of gravel-reared larvae. 
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Aerobic Scope 
Mass-specific aerobic scope in bare-reared larvae changed very little during the 
endogenous phase, but increased rapidly in gravel-reared larvae. The difference in 
trajectory of aerobic scope during the endogenous period was mainly due to higher mass-
specific RMR in bare reared larvae. The significant difference in yolk absorption 
efficiency and liver lipid reserves seen in my 2009 experiment (Chapter 1) in 
combination with the results of glycogen analysis indicate that the lower MMR in bare 
reared larvae may be the result of less available metabolic fuel; a finding consistent with 
the hypothesis by Darveau et al. (2002) that MMR is supply limited. The lower mass-
specific MMR and higher RMR was likely due to increased yolk catabolism to fuel 
activity and resulted in lower aerobic scope of larvae reared without gravel during the 
endogenous period. 
Aerobic scope (RAS and RFS) increased with weight in both bare and gravel 
treatments; however the increase was limited. Relative Factorial Scope (MMR/RMR) 
remained below 1.7, which is within the range of factorial scope values published for 
other larval fish (Post and Lee 1996; Killen et al. 2007). The significant difference in 
weight between bare and gravel-reared larvae, however, limited any comparison of the 
relationship of scope with weight between treatments, as there was very little overlap in 
weight. The results showed that RFS was quite low in smaller larvae. This suggests that 
larger larvae will have a greater probability of having a greater metabolic scope. 
As aerobic scope represents the physiological ability to increase metabolic rate, 
larvae reared without gravel substrate may be significantly limited in their ability to 
escape predators and forage for food (among other aerobic activities). At the time of first 
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feeding, the combination of digestion and any increased activity with lower scope could 
result in larvae surpassing the upper bounds of their scope, leading to mortality. It has 
been suggested that the low metabolic scope, typical of fish larvae, may be responsible 
for the significant mortality observed during this stage (Bailey and Houde 1989), which 
has significant implications for recruitment. Reduced aerobic scope may limit the ability 
of larvae to balance multiple metabolic functions simultaneously, such as maintenance 
and growth, especially when subjected to environmental or nutritional stress as suggested 
by Killen et al. (2007). 
As sturgeon show rapid growth during their early ontogeny and an extremely low 
aerobic scope, it is likely that significant trade-offs occur between growth and activity. 
Wieser et al. (1988) and Wieser and Medgyesy (1990) suggested that trade-offs between 
growth and activity are particularly important during the endogenous feeding period in 
fish. The difference in trajectories of scope and growth (weight over time) between bare 
and gravel rearing larvae were most likely as a result of growth-activity trade-offs (due to 
observed difference in swimming activity). To balance the demands of high growth rates, 
maintenance functions may be reduced, which could result in increased susceptibility to 
pathogens, as suggested by Fry (1947) and Conover and Schultz (1997). The low aerobic 
scope of larvae during the endogenous period may indicate a high sensitivity to increases 
in temperature. This is particularly the case for bare-reared larvae as there is very little 
ability to increase metabolic rate to meet the respiratory demands of increased 
temperature. Limited aerobic scope in the bare treatment group may explain the 
significantly greater mortality of larvae reared at 17.5 °C compared to 13.5 °C in my 2009 
experiment (Chapter 1). 
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It has been suggested that fish generally select habitats that optimize metabolic 
scope (Evans 1990; Neill et al 1994) and that metabolic scope significantly defines the 
niche of larval fish (Portner et al. 2010). Larval white sturgeon showed a preference for 
gravel substrates upon hatch (Bennett et al. 2007). Given that aerobic scope was greater 
for larvae reared in gravel, the habitat preference for substrate may have evolved to 
optimize aerobic scope. My results presented in this chapter and also the growth and 
survival results from Chapter 1 highlight the ecological importance of gravel substrate 
during early ontogeny. 
The greater growth and scope provided by substrate may also improve existing 
hatchery rearing methods for larval sturgeon. While the use of gravel may be unattractive 
due to its weight, storage, and bio-security concerns, the use of artificial substrate, such 
as the Bio-Spheres used in my study, may be an effective option. As Bio-Spheres are 
lighter, easier to clean and store, they make an attractive alternative to gravel substrate. 
The increased surface area of each sphere also means that it is likely that less volume of 
substrate is required compared to gravel, which may aid in removal of dead larvae and 
actually improve water quality. While respirometry was not carried out on larvae reared 
in the artificial substrate, it is likely that aerobic scope was also improved as there was no 
difference in growth and glycogen concentration between larvae reared gravel and the 
Bio-Spheres. Claireaux and Lefranfois (2007) argued that faster growth (as observed in 
gravel and artificial substrates) implies a more optimized metabolic scope and is likely 
correlated to increased fitness. 
In conclusion, my results show that rearing white sturgeon larvae in substrate 
during the endogenous phase significantly affected their metabolic and physiological 
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state, producing larger fish with a greater aerobic scope. The increased aerobic scope of 
larvae reared in gravel would provide more energy available to fuel growth, foraging, and 
predators evasion - but most importantly the fish from the substrate treatments were 
larger when they began to feed exogenously. These results may provide useful 
information to managers looking to understand the rearing habitats required by larval 
white sturgeon and remediation measures needed to restore damaged habitat. I also 
anticipate that my findings will be valuable for hatchery and aquaculture managers 
looking for new methods to improve growth and the physiological condition of larvae. 
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EPILOGUE 
My research has shown that the effects of substrate rearing of sturgeon larvae 
were significant and provides many ecological and physiological benefits. This suggests 
that while the substrate-rearing period during the yolk sac phase is quite short (only 12-16 
days), it is likely a very important component of the early life history and there are 
pronounced carry over effects for the duration that sturgeon were reared in this study. 
There were multiple benefits of larval sturgeon rearing in gravel. First, fish were larger. 
Second, mortality associated with the onset of exogenous feeding was reduced with 
greater cumulative survival. Third, metabolic scope and energy content as assessed by 
liver and whole-body glycogen concentrations were greater. Substrate rearing did not 
have an effect on the rate of yolk absorption; however, those reared in gravel showed 
significantly greater yolk absorption efficiency. The equal rate of yolk absorption 
combined with qualitative histological examination suggested that there were no 
observable differences in rate development between substrate treatments, further 
suggesting that larval sturgeon develop at a maximal rate. McAdam (2011) presented 
convincing evidence that if substrate at the spawning grounds is adequate, larvae would 
likely show little drift, and that access to gravel substrate significantly reduced mortality 
associated with predation. When this data is put in context with that of the existing 
literature, it highlights the immense ecological importance of adequate larval rearing 
substrate, particularly in systems with recruitment failure. 
The objective of my research was not only to understand early life history of 
white sturgeon, but also to gather detailed information required for decision makers 
involved in recovery planning. Currently, the most effective tool of the recovery effort in 
67 
the Upper Columbia and Kootenay Rivers is hatchery supplementation. While quite 
effective, hatchery augmentation may not necessarily ensure recovery without restoration 
of spawning and early rearing habitats (Beamesderfer and Farr 1997; Wood et al. 2007). 
Restoration of these habitats has been identified as an important step to fostering natural 
recruitment; however, little is known about these habitats, particularly the habitats 
required by larvae and juveniles. Identifying and restoring these habitats is of particular 
importance as the larval and early life stages have been cited as a significant bottleneck in 
recruitment (Gross et al. 2002; Parsley et al. 2002; Coutant 2004). The data presented in 
this thesis highlights the potential that gravel augmentation may likely play in the 
survival of white sturgeon larvae during this critical period, and the role it may play in 
ensuring the recruitment of the species in previously degraded systems. 
Improved growth and survival as the result of substrate rearing would likely be 
welcomed in commercial and conservation aquaculture operations; however, in a 
conservation framework, there is less of a requirement for improved survival as the focus 
is generally on releasing a limited number of fish from a diverse number of family 
groups. Improved survival may allow for more inclusion of family groups as some 
generally show much higher mortality; this would increase the potential for greater and 
more balanced representation of the family groups used and an increased genetic 
diversity of the fish released. 
Apart from substrate, temperature was found to be a significant factor controlling 
both growth and survival and was the most significant factor affecting mortality at first 
feeding. Given that larval white sturgeon showed very low metabolic scope early in 
development, increasing water temperature (even within the published tolerance values) 
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in the hatchery in an attempt to increase growth may inadvertently cause significant 
mortality, particularly during the period associated with first feeding. Keeping water 
temperatures cool (approximately 14°C) may not only be beneficial to the sturgeon 
larvae, but also hatchery operations by reducing the costs associated with heating water. 
As a direct result of this research, the Freshwater Fisheries Society of British 
Columbia will be incorporating artificial substrate into their regular production operations 
on an experimental basis. While substrate rearing provided significant benefits to larval 
growth, survival, and physiology at low densities and a controlled experiment, how 
substrate performs in a production-level trial in a hatchery remains unclear and will be 
need to be assessed. 
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APPENDICIES 
Appendix 1 
Table Al. Two-way ANOVA table of the results of (a) weight and (b) total length of 
white sturgeon at 46 dph in response to two rearing conditions (with and without gravel) 
and two temperatures (13.5 °C and 17.5 °C) 
(a) 
Source term DF Sum of squares Mean 
square 
F-ratio Prob. level 
Substrate 1 0.03104 0.03104 67.44 < 0.001 
Temperature 1 0.03417 0.03417 74.25 < 0.001 
Substrate: T emperature 1 0.001698 0.001698 3.69 0.079 
Residuals 12 0.005523 0.000460 
(b) 
Source term DF Sum of squares Mean 
square 
F-ratio Prob. level 
Substrate 1 95.40 95.40 63.79 < 0.001 
Temperature 1 147.68 147.67 98.75 < 0.001 
Sub strate: T emperature 1 1.65 1.65 1.10 0.314 
Residuals 12 17.95 1.50 
Table A2. Two-way ANOVA table of cumulative survival of white sturgeon at 46 dph in 
response to two rearing conditions (with and without gravel) and two temperatures (13.5 
°C and 17.5 °C) 
Source term DF Sum of squares Mean square F-ratio Prob. level 
Substrate 1 1381.36 1381.36 249.2450 < 0.001 
Temperature 1 1508.03 1508.03 272.1001 < 0.001 
Substrate: T emperature 1 3.36 3.36 0.6065 0.45 
Residuals 12 66.51 5.54 
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Appendix 2 
Table A3. Mass exponents (b) from the allometric relationship between Routine 
Metabolic Rate (RMR) (ng O2 hr"1 larva"1) and weight (g) 
Substrate dph Test Weight (g) b Statistics 
Gravel 3-16 RMR 0.024 - 0.034 1.34 ±0.23 R2 = 0.61,/? < 0.001, n=22 
Bare 3-16 RMR 0.023 - 0.033 1.54 ±0.38 R2 = 0.44,/? < 0.001, n=21 
Gravel 16-24 RMR 0.030 - 0.035 0.13 ±0.71 R2 = 0,/? = 0.85, n=20 
Bare 16-24 RMR 0.027-0.033 1.64 ±0.42 R2 = 0.42, p = 0.001, n=20 
Table A4. Mass exponents (b) from the allometric relationship between Maximum 
Metabolic Rate (MMR) (jig O2 hr"1 larva"1) and weight (g) 
Substrate dph Test Weight (g) b Statistics 
Gravel 6-24 MMR 0.026 - 0.033 0.60 ±0.31 R" = 0.42,/? = 0.067, n=36 
Bare 6-16 MMR 0.026 - 0.033 0.74 ± 0.22 R2 = 0.37,/? = 0.004, n-20 
Gravel 16-24 MMR 0.026 - 0.033 1.50 ±0.33 R2 = 0.52, p < 0.001, n=20 
Bare 6-24 MMR 0.028-0.035 1.07 ±0.34 Rl = 0.21,/> = 0.004, n-36 
Gravel 6-16 MMR 0.028 - 0.034 2.17 ±0.54 R2 = 0.47,/? = 0.001, n=20 
Bare 16-24 MMR 0.030-0.033 0.78 ± 0.49 R2 = 0.08,/? = 0.129, n=20 
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